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ABSTRACT

Author: Dennis, Brooke E. R., MS
Institution: Purdue University
Degree Received: May 2018
Title: Identifying Pollinator Species of Indiana Soybean Fields and their Potential Contributions
to Yield.
Major Professor: Dr. Christian Krupke

Indiana has a wide array of native pollinators, but where they are foraging and their pollination
role, if any, in Indiana soybean fields is unclear. In two Indiana soybean fields sampled in 2016, a
total of 33 pollinator species and 1,180 individuals from five different families (Andrenidae,
Collectidae, Syrphidae, Apidae and Halictidae) were collected in a transect line including bee
bowls at varying distances (0m, 5m, 10m, 25m, 50m, 100m and 250m). Species richness and
abundance was similar across the varying bee bowl distances with soybean growth stage R2 and
R3 collecting the most individuals and species totals. Field experiments had two treatments: caged
soybeans which excluded pollinators and uncaged soybeans which allowed pollinator access.
Soybean yield parameters such as 3 seeded pods (F1, 96 = 2.58, P = 0.11) and seed weight (F1, 96 =
2.82, P = 0.10) were not significantly different between caged and uncaged plants in the field
setting. However, weight per seed was significantly higher for caged soybeans compared to
uncaged soybeans (F1, 96 = 16.74, P < 0.001). Greenhouse artificial pollination techniques were
not statistically different from one another in terms of yield. Although many native pollinators are
foraging within the monoculture of soybeans, I found no evidence that soybean yields are affected
by pollinators in the field.
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CHAPTER 1. LITERATURE REVIEW

The United States is the leading nation in soybean production worldwide. According to the United
States Department of Agriculture, (USDA), the United States produced roughly a record 116
million metric tons on 33.76 million hectares in 2016 (USDA, 2017). Yet, growers and researchers
are continually looking to achieve greater yields. Soybeans and their by-products have hundreds
of uses in rubber, fiber, paints, solvents, plastics, lubricants, adhesives, paper, feed and fuel
commodities (USB, 2016). One possible, but largely uninvestigated way to increase soybean yields
is through enhancement and preservation of native pollinators. Commercial soybean varieties are
self-fertilized but produce nectar within the flower which attracts insects to their flowers to
possibly increase pollination efficiency. The role of these nectaries is not clearly understood
because soybeans are self-fertile, but they also produce nectar which enhances pollinator attraction
to their flowers as a potential pollinator reward.

1.1 Soybean Growth and Development

Soybeans have two major developmental phases: vegetative and reproductive. Vegetative stages
are defined by the number of nodes on the main stem with a fully developed leaf or leaflet, while
reproductive stages start when a fully open flower is blooming anywhere on the plant and ends
eight stages later when the plant is fully mature with pods ready for harvest (Berglund, 1999).
During the early reproductive stages, the soybean flowers must be pollinated for a pod to develop.
Soybeans are autogamous, or self-pollinating; the flowers will fertilize themselves (Zhu et al.,
2003). No external factor such as wind, mammals or insects is required to transfer pollen from
flower to flower for fertilization. However, researchers estimated 75% of soybean flowers abort,
which could be the result of poor pollination or limited resources (Woodcock, 2012).
Although soybeans are self-pollinating, many insect pollinators such as bees, syrphid flies (bee
mimics in the Order Diptera), and butterflies are found throughout soybean fields. Bees require
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nectar and pollen for energy, protein, lipids, vitamins and minerals to survive (Nicholson, 2011).
Soybean flowers provide pollen and nectar that attracts native pollinators to soybean fields;
however, this reward is not likely to satisfy the needs of these pollinators entirely. Little is known
about whether these pollinators actually contribute to and enhance the fertilization process for
soybeans. The potential of solitary, native bees in particular, to increase soybean yield through
pollination services is unclear.

1.2 Pollination

It is postulated that insects furnish 90% of the pollination for the entire world’s flowering plants
(Lapin, 2015). In the United States, bees contribute $20-30 billion to the economy annually for
their pollination role in crop production (USDA, 2012). Pollinators benefit many commodities, but
little is known regarding the relationship between pollinators such as native bees and syrphid flies,
and soybeans (Krupke et al., 2015). There is some reason to expect an association between
pollinators and soybeans: in Yucatán, Mexico, 8 out of 9 honey samples contained soybean pollen,
which represented 8-48% of the total pollen in the honey samples (Gutiérrez et al., 2014). A study
in Iowa showed that of the 56 species of pollinators captured, roughly 60% (34 species) were found
in both corn and soybean fields indicating a shared habitat of mostly solitary, ground nesting bees.
Five additional species were exclusive to soybeans: Ceratina calcarata, Eucera spp., Epeolus spp.,
Peponapis pruniosa, and Colletes brevicornis (Wheelock, 2014). In Indiana, a pilot study was
conducted to determine what bee pollinator species are found in Indiana soybean fields in 2015.
The study produced the results below (Table 1):
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Table 1. Twenty-four bee and and syrphid species were found in Indiana soybean bee bowl traps
placed at two locations in 2015: TPAC, Throckmorton Purdue Agricultural Center: Tippecanoe
County, Indiana and PPAC, Pinney Purdue Agricultural Center: LaPorte County, Indiana. One
200 m transect at each location was checked twice weekly during the 2015 soybean flowering
season (Krupke et al., 2015).
2015 Indiana Bee and Syrphid Survey in Soybeans
Species

TPAC PPAC

Species

TPAC PPAC

Calliopsis andreniformis

1

0

Lasioglossum albipenne

6

17

Bombus fervidus

1

0

Lasioglossum bruneri

6

3

Holcopasites calliopsidis

1

0

Lasioglossum coriaceum

1

1

Melissodes bimaculata

42

32

Lasioglossum hitchensi

44

45

Melissodes communis

0

1

Lasioglossum imitatum

0

2

Svastra oblique

1

1

Lasioglossum paradmirandum

1

0

Agapostemon sericeus

0

1

Lasioglossum pilosum

25

25

Agapostemon virescens

1

5

Lasioglossum pruinosum

15

46

Augochlorella aurata

0

6

Lasioglossum tegulare

1

1

Halictus confuses

3

3

Lasioglossum versatum

5

8

Halictus ligatus

2

6

Lasioglossum zephyrum

0

50

Halictus parallelus

0

3

Toxomerus marginatus

4

1
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Many bee and syrphid fly species were found in the monoculture habitat of soybeans, but their
role, if any, in soybean pollination is not understood. The majority of the species captured were
solitary, ground-nesting bees and syrphid flies, while the sweat bee genus Lasioglossum was more
common than any other genus. Similarly, a diverse array of ground nesting, solitary bees were
found within Iowa soybean fields with soybean pollen on their bodies indicating that these native
bees are likely utilizing soybeans as a food source (Gill & O’Neal, 2015), while bumblebees
(Apidae) and honey bees (Apidae) were rarely detected (0.005%) (Wheelock & O’Neal, 2016).
The Iowa soybean pollinator study had a diversity of pollinators throughout the whole field and
not solely along the field edge, which revealed that pollinators are seeking soybeans as a source of
nutrition and are possibly resident in these fields (Gill and O’Neal, 2015). This finding is important
because foraging distances vary with body size and small, solitary bees such as Halictus species
typically fly no more than 200 m from their nest (AAFC, 2014). Finding solitary bees in the middle
of a soybean field (100m away from any field edge) indicates that these solitary bees are likely to
be nesting near or within these fields. The Iowa study specified that bees are attracted to soybeans
as a pollen source, but also carried pollen from Asteraceae, Poaceae and Fabaceae plant families
(Gill & O’Neal, 2015). These studies are the first to demonstrate the abundance and potential
importance of solitary bees when compared to social bees in soybean fields in the United States.

1.2.1 Syrphid Flies

Syrphid flies are abundant in soybean fields, as many species consume aphids as larvae and nectar
as adults (White et al., 1995). Syrphid flies were found to be the most abundant predator of aphids
in soybean fields in 2005 and the second most abundant in 2004 after Harmonia axyridis (Schmidt
et al., 2008). Many syrphid species are known as predators as larvae, but exploiting the pollination
services of the adult flies in Indiana soybean fields could lead to an increase in pollination and
yield. A 2015 pollinator survey conducted in Indiana soybean fields included one species of
syrphid fly, Toxomerus marginatus (Krupke et al., 2015; Table 1). T. marginatus larvae are
aphidophagous and adults are nectar feeders so syrphid fly numbers may be correlated to aphid
outbreaks or flowering periods within the soybean field (Bugg et al., 2008). However, a study in
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Minnesota concluded that T. marginatus was the most abundant syrphid species (56.5%) within
the soybean field although syrphid larval densities were low in relation to aphids (1 larva per 4,762
aphids) (Eckberg et al., 2015).
A study conducted in Germany concluded that syrphid flies increased the mean number of seeds
per pod from 17.75 in the control without syrphid flies to 22.25 with low densities of syrphid flies
(12 individuals/4 m2 cage) and 20.5 seeds per pod with high densities (25 individuals/4 m2 cage)
in oilseed rape (Jauker & Wolters, 2008). This study used plastic mesh to exclude pollinators from
the oilseed rape plant or to contain the syrphid flies within the cage. The authors concluded that
syrphid flies are effective pollinators with the potential to contribute to increased yields. This study
did not conclude that yield was increased through cross pollination or by the bees vibrating the
flowers to move pollen, only that syrphid fly abundance led to an increase in oilseed rape
productivity. In addition, sweet pepper flowers visited by syrphid flies in Québec, Canada
produced more peppers that were larger and heavier than peppers from flowers that were not
visited by syrphid flies in a greenhouse setting (Jarlan et al., 1997). This study also used a mesh
netting to confine the syrphid flies with the plant and to exclude external pollinators from
contacting sweet pepper flowers. Overall, however, research studies focusing on syrphid flies as
pollinators are limited and further research should be conducted in order to understand the role of
adult syrphid flies in our fields and to determine their potential for increasing size and yield of
commodities, along with their potential as predators as larvae.

1.2.2 Native Bees

There are roughly 4,000 species of bees in North America and the majority are native to the
continent (Michener, 2007). Roughly 70% of these bees build nests in the ground by burrowing
into the soil (Sarver, 2007). Little research has been conducted regarding native bees and their
impact and potential pollination services to crops when compared to honey bees. Native bees are,
on a per-bee basis, more effective at pollinating some crop plants and will often visit flowers under
cold, wet conditions when honey bees remain in their hive (Sarver, 2007). Native bee species have
a critical role in the environment and some have beneficial effects upon a range of crops. A study
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on watermelon pollination revealed that native bees pollinated 95% of the flowers which, in return,
provides the industry “insurance” as honey bee numbers decline (Winfree et al., 2007). In New
Jersey and Pennsylvania, 28 farms were studied for two years on different summer vegetable crops:
watermelon, muskmelon, tomato and bell pepper. Native bees visited the vegetable flowers more
often than domesticated honey bees, with 54 different wild bee species visiting the crops (Winfree
et al., 2008). In China, 60 pollinator species were collected in pan traps in oilseed rape (canola)
fields where they compared caged and uncaged plants. Oilseed rape plants that excluded
pollinators had 38% lower seed set, 17% lower fruit set and 12% lower yield compared to plants
open to pollinators, however caged plants had 22% higher seed weight and 28% more flowers than
uncaged plants (Zou et al. 2017). Strawberries, which can self-pollinate or be pollinated by wind
and insects, had redder, brighter and firmer fruits with fewer deformities and a longer shelf life
when pollinated by native mason bees (Osmia bicornis), honey bees (Apis mellifera) and other
wild bee species compared with wind and self-pollinated strawberries (Klatt et al., 2013).
Strawberry flowers were visited 64.6% by wild bees, 33.9% by honey bees and 1.6% by nonpollinators indicating that native bees play a primary role in strawberry production. Eggplants, also
capable of self-pollinating, have a 37-62% fruit increase from having twelve bumblebee visits
(open pollination) per flower, compared with a single visit (Lowenstein & Minor, 2015). This
study compared fruit and seed set along with fruit weight with 1, 2, 6 or 12 bumblebees (Bombus
impatiens) visiting eggplant flowers, which concluded that eggplants benefit from open pollination
services compared to fewer visitations. Native bees pollinate a wide array of North American
flowering crop plants, but their role in soybean fields is poorly understood.

1.2.3 Pollinators and Soybeans

There is little information demonstrating a possible benefit of insect pollination for soybean yields.
A study conducted in Brazil demonstrated yield differences between three different soybean plots
each measuring 3.0 x 6.0 m (18 m2): caged soybeans (pollinator exclusion), uncaged soybeans
(open to native pollinators) and soybeans open to wild pollinators with the addition of 8 honey bee
colonies. The honey bee colonies were 700 m away from the open soybean plants (open to native
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pollinators only) and 40-60 m away from the open soybean plants (open to wild pollinators +
honey bees). This study revealed that soybeans are fully capable of producing pods themselves
resulting in a yield of over 2,800 kg/ha. However, plots open to native pollinators resulted in a
6.34% increase and plots with honey bee colonies resulted in an 18.09% increase in soybean yield
(Milfont et al., 2013). Also in Brazil, researchers conducted an experiment that had caged soybeans
with honey bees, caged soybeans without honey bees and uncaged soybean plots. This study
revealed that seed production was 50.64% higher and pod production 61.38% higher in caged
soybeans with honey bees than caged soybeans without honey bees (Chiari et al., 2005). Using
2013 soybean prices, this rise in yield using native pollinators gave rise to an added value of
$59.7/ha resulting in an estimate of $6.126 billion worldwide for their pollinating services (Milfont
et al., 2013). Another study conducted in Arkansas and Missouri also tested three treatments: caged
soybeans to exclude pollinators, uncaged soybeans open to all pollinator species and caged
soybeans with honey bees. The cages covered 4 soybean rows and the dimensions were 3.1 X 3.1
X 2.1 m. Each honey bee cage was fitted with a single-story 10 frame honey bee colony. This
study revealed that there was a 21.6% increase in seeds and a 20.4% increase in number of pods
in the honey bee cages than the pollinator exclusion cages (Erickson et al., 1978). In addition, this
study demonstrated that soybeans open to all pollinators and other external factors produced more
seeds and pods and had a lower percentage of empty pods compared to exclusion soybeans and
caged soybeans with honey bees (Erickson et al., 1978) which reveals that native pollinators may
have a greater effect on yields than honey bees or non-pollinator plots. Native bees’ role as
pollinators of soybeans could provide insight on how to properly manage and maximize the yield
potential of the soybean crop by protecting and enhancing their environment. In addition, common
farming practices such as tillage prior to planting soybeans may reduce suitable habitat for native
bees, as shown in pumpkins and squash (Shuler et al., 2005). This study revealed that no-till squash
and pumpkins had three times the amount of a native squash bee (Peponapis pruinosa) density in
their squash and pumpkin fields. In the case of soybeans, a crop that is often grown using
neonicotinoid-treated seeds, it is interesting to note that some bee habitats are influenced
negatively by pollen and nectar from neonicotinoid treated crops (Godfray et al., 2014).
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1.3 Neonicotinoid Seed Treatments of Soybeans

For years, modifications in soybean production have been developed to further protect soybeans
from pests such as disease, weeds or insects. In 2011, 80% of neonicotinoid use was between three
major field crops: corn, cotton and soybeans (Douglas and Tooker, 2015). To control certain insect
pests in Indiana soybean fields, neonicotinoids are applied as an insecticidal seed treatment.
Neonicotinoids are widely used insecticides on soybeans and various other crops and include
active ingredients such as imidacloprid, thiamethoxam, and clothianidin. Neonicotinoids are
systemic and are transported throughout the plant as it grows, including all tissues of the plant,
pollen and nectar (Bonmatin et al., 2015). In addition, neonicotinoids are circulated in the xylem
of the growing plant, resulting in varying concentrations of thiamethoxam and imidacloprid in new
growth as the plant develops throughout the growing season (Magalhaes et al., 2009). In insects,
neonicotinoids are nicotinic acetylcholine receptor agonists which cause nervous stimulation,
receptor blockage, paralysis and death to insects when in contact with the chemical (Goulson,
2013). Although neonicotinoids contribute $2.6 billion to the world’s economy (Goulson, 2013),
these chemicals may have negative impacts upon beneficial insects and pollinators such as syrphid
flies and bees. Neonicotinoids have been used for years to control pests, but their economic
benefits to soybean yields are inconsistent. During 2008-2012, 30% of the United States’ soybean
hectares were planted with neonicotinoid treated seed (USEPA, 2014). By either applying as
granules or as a seed coating, only 2-20% of the insecticide is absorbed by the plant resulting in
11-24% of pollen and 17-65% of nectar being contaminated with these chemicals (Sánchez-Bayo,
2014). One problem regarding neonicotinoid treated soybean seed is that untreated seed is difficult
to obtain. Of 20 soybean farmer respondents, 45% of them answered that untreated soybean seed
was either difficult to obtain or unavailable (USEPA, 2014). Neonicotinoids have been used over
the past few years to control insect pests, but their effectiveness and profitability remain
questionable in many soybean production areas.
In soybeans, neonicotinoids are usually applied as a seed treatment to control above and below
ground insects such as aphids, bean leaf beetles, wireworms, seed corn maggots and cutworms.
Although neonicotinoid treated seeds can provide protection to soybeans for up to three weeks
after planting, the majority of the chemical is depleted before major pest outbreaks are most likely
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to occur in the upper Midwestern US (Krupke et al., 2017a). A study in Indiana compared soybean
leaf tissue concentrations of the newest trifoliate leaflets from the emergence growth stage through
the full seed stage (R6) between plants grown from thiamethoxam treated seed and untreated seed.
This study concluded that there were no statistical differences of thiamethoxam tissue
concentrations between treated and untreated seed from the V2 growth stage through the first stage
of flowering R1, suggesting that concentrations of the insecticide are minimal for that large
fraction of the growing season (Krupke et al., 2017a), which includes the peak period of soybean
aphid infestation that typically begins in late July in Indiana, or when plants are in the R2 growth
stage and beyond. In a 2014 survey questioning United States farmers, roughly one-third of
respondents concluded that aphids are their number one targeted insect pest (Hurley & Mitchell,
2016). However, 65% of United States soybean farmers revealed that they do not use neonicotinoid
treated seed to manage a particular pest (USEPA, 2014). In addition, seed treatments cost the
grower roughly $7-8 per acre for thiamethoxam (USEPA, 2014). A South Dakota study on
imidacloprid and thiamethoxam insecticide seed treatments in soybeans did not result in an
increase in soybean yield between the control and neonicotinoid treated seed and populations of
grasshoppers, thrips and soybean aphid were unaffected by the neonicotinoid seed treatments
(Seagraves & Lundgren, 2011). A multi-state experiment in the United States concluded that
thiamethoxam treated soybean seed suppressed aphid populations compared with an approach that
made a foliar application when aphids reached a threshold of 250 aphids per plant, however, there
were no statistical differences in yield between the two treatments (Krupke et al., 2017a). In
addition, this study revealed that the most cost-effective method and highest chance of return on
investment for growers to control aphid populations is to use a threshold approach to only spray
once aphid numbers reach 250 per plant compared to using neonicotinoid treated seed (Krupke et
al., 2017a). The Biological and Economic Analysis Division of the Environmental Protection
Agency (BEAD-EPA), a division responsible for analyzing pesticide regulatory practices, reported
that neonicotinoid treated seed does not result in an increase in soybean yield throughout the
United States when compared to untreated seed plots (USEPA, 2014) which reveals there may be
little economic benefit to using neonicotinoid treated seed as opposed to untreated seed. This
report concluded that neonicotinoid seed treatments usually do not monetarily benefit the United
States soybean grower, but occasionally can provide a benefit up to $6 per acre (USEPA, 2014).
In addition, the report indicated that at most neonicotinoid treated seed increases the United States
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soybean value by $52 million which is 0.14% of the value of the industry as a whole (USEPA,
2014). It was noted by these authors and others cited above that if pest outbreaks do occur, farmers
can use alternative insecticides such as pyrethroids as a foliar application to manage pests.

1.4 Environmental Impact of Neonicotinoids

Environmental effects of neonicotinoid seed treatments are of concern in conservation of soybean
pollinators. A study in Arkansas, Mississippi and Tennessee revealed that neonicotinoid active
ingredients were found in 50% of the 112 soil samples taken from 28 different fields prior to these
fields being planted in the spring (Stewart et al., 2014). In addition, a world-wide study examining
five neonicotinoid compounds (acetamiprid, clothianidin, imidacloprid, thiacloprid and
thiamethoxam) revealed that at least one of these chemicals were found in 75% of the honey
samples with imidacloprid occurrence was the highest (51% of samples) and clothianidin was the
lowest occurring compound (16%) (Mitchell et al., 2017). In addition, this survey also revealed
that North America had 86% of samples containing at least one neonicotinoid compound (Mitchell
et al., 2017). Neonicotinoids are highly water soluble, resulting in these active ingredients being
detected in the morning dew, nectar, guttation water and other water resources that insects can
access (Bonmatin et al., 2015). Due to their solubility, neonicotinoids persist in the soil and in
waterways affecting non-target insect species (Goulson, 2013). In addition, neonicotinoid residues
also affect natural predators. A study showed that the aphid predator Orius insidiosus (Hemiptera:
Anthocoridae) had a higher mean mortality when feeding on soybean aphids that were feeding on
neonicotinoid contaminated soybean tissue at 16-33 ng/g (Camargo et al., 2017). Neonicotinoid
persistence has implications for habitats surrounding the intended target site, largely due to their
half-life of up to 1,000 days (Bonmatin et al., 2015). A study conducted in England demonstrated
that soil samples taken in oilseed rape fields with thiamethoxam treated seed all contained
detectable levels of thiamethoxam, clothianidin and imidacloprid and 42.9% of samples contained
thiacloprid, although imidacloprid and thiacloprid had not been used in those fields for three years
(Botías et al., 2015). In Sweden, a clothianidin-coated oilseed rape planting resulted in a reduction
in wild bee density, solitary bee nesting and bumblebee colony growth (Rundlöf et al., 2015).
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Neighboring vegetation can have neonicotinoid chemical concentrations from dust generated
during planting of treated seeds at concentrations of 1-9 ppb (Krupke et al., 2012). Field
concentrations of imidacloprid treated bumble bee colonies, Bombus terrestris, resulted in a
significant reduction in growth rate and an 85% reduction in the production of new queens
(Whitehorn et al., 2012).

1.4.1 Honey Bees and Neonicotinoid Seed Treatments

In the past several years, one-third of managed bee colonies have disappeared annually
contributing to the 30% drop in the national bee population (Hagopian, 2016). Many factors
contribute to honey bee decline, including parasites, pesticides and the lack of forage (Aizen et al.,
2009). Studies have shown that neonicotinoids used in seed treatments of soybeans have been
found in plant pollen and in beebread within honey bee colonies (Krupke et al., 2012). A study
also measured concentrations of insecticides in beebread and concluded that neonicotinoids was
identified most regularly in their samples; out of the 32 samples taken, 24 of the samples contained
thiacloprid and 12 samples contained thiamethoxam which conclude that honey bees are exposed
to neonicotinoids when they ingest beebread (Giroud et al., 2013). A study conducted in areas that
reported a decline in honey bees in Greece sampled bees, pollen and honey showed that pollen had
concentrations of 72 ng/g imidacloprid and 6.1-1273 ng/g clothianidin (Kasiotis et al., 2014). In
addition, this three year-long study found that honey bees had concentrations of 5.74 ng/g, 49.6
ng/g and 39.9 ng/g for imidacloprid, thiamethoxam and clothianidin, respectively. In addition, a
study comparing pesticide concentrations in a non-agricultural site, the border of a maize field
treated with pesticides and the border of a maize field without pesticides indicated that honey bees
forage more in uncultivated crops and these plants are contaminated with non-agricultural
pesticides and neonicotinoids (Long and Krupke, 2016). Neonicotinoids can negatively affect
locomotion, behavior, learning and memory of bees even at small concentrations (Christen et al.,
2016). Although neonicotinoids have unintended effects such as fast depletion within the crop and
environmental mobility, a study discovered that neonicotinoid concentrations in oilseed rape and
maize are inversely proportional to plant weight (Balfour et al., 2016). As oilseed rape and maize
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plants biomass grew four times larger, neonicotinoid concentrations were cut in half throughout
the plant. In Indiana maize fields, clothianidin concentrations decreased exponentially in root, seed
and shoot tissues after planting (Alford & Krupke, 2017). Honey bees are often placed near areas
where monocultures are prevalent, limiting the availability of diverse sources of nutrition and a
study conducted in Italy revealed that nutritional stress and neonicotinoids synergistically affect
honey bee mortality (up to 50 % mortality) (Tosi et al., 2017). This study determined honey bees
that were given food of low nutritional value containing neonicotinoids (15% w/w sucrose solution
with 1/5 of their LD50 to thiamethoxam: 1 ng/bee and clothianidin: 0.8 ng/bee) caused a higher
mortality when compared to honey bees that were exposed to no nutrition (starvation, 10 μl of pure
water) (Tosi et al., 2017). A study including honey bees (Apis mellifera) and bumble bees (Bombus
terrestris) revealed that when these bees were in a two-choice feeding assay, these bees preferred
sucrose containing neonicotinoids compared with sucrose without neonicotinoids, even though
this caused the bees to eat less and increased bee mortality (Kessler et al., 2015).

1.4.2 Routes of Exposure and LD50s
Honey bees encounter a number of instances in their daily lives where they are exposed to
neonicotinoids in Indiana when foraging. Honey bees have a foraging distance of 3.2-5 km where
they visit multiple plant blossoms and flower nectaries, however while foraging honey bees are
exposed to neonicotinoids through contaminated pollen, nectar and soil (Ellis et al., 2014, Krupke
et al. 2017b). Off-target water, pollen, nectar and soil sources are the main routes of exposure for
honey bees to neonicotinoids, and neonicotinoid-free areas are generally uncommon (Richmond
& Patton, 2014). Honey bees can be exposed to neonicotinoids through their wings revealing that
the LD50’s for wing exposure for thiamethoxam, clothianidin and imidacloprid are 27.03 ng/bee,
36.49 ng/bee and 26.55 ng/bee, respectively which is 0.99-2.23 times higher compared to the LD50
of their thorax (Poquet et al., 2015). This is a significant route of exposure and during flight a
honey bee can encounter pesticide concentrations of 525 ng/bee/second when flying through a
pesticide cloud (Poquet et al., 2015). A study conducted in Indiana revealed that the vast majority
(ca. 97%) of foraging honey bees in the state would be likely to encounter neonicotinoid dust
residues during the period of corn planting (Krupke et al. 2017b). A honey bee can encounter 2.27-
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28 ng of neonicotinoid residues (thiamethoxam and clothianidin) when foraging which includes
the contact lethal dose for honey bees of 23.8 ng/bee (Krupke et al., 2017b). Although the work
cited previously assumes passive deposition of planter dust residues on foraging honey bees, bees
become statically charged during flight which attracts planter dust particles to their bodies,
meaning these passive estimates are likely to underestimate exposure (Foster et al., 2015).
Neonicotinoids are toxic to honey bees at low concentrations: the contact lethal dose to 50% of the
population, LD50, for neonicotinoids includes the following lethal concentrations in honey bees:
18 ng/bee for imidacloprid, 22 ng/bee for clothianidin, and 30 ng/bee for thiamethoxam (Iwasa et
al., 2004). The oral LD50 for honey bees, a more relevant measure for exposure in nectar and
pollen, is 2.8 ng/honey bee for clothianidin and 4.6 ng/honey bee for thiamethoxam after 24 hours
of exposure to these insecticides (Laurino, 2011). Although insecticides can cause detrimental
effects to honey bees; the acute and chronic effects of neonicotinoid insecticides on ground nesting,
solitary and native bee populations remain unknown.

1.5 Soybean Research and Pollinators

Determining the species of bees and syrphid flies that inhabit soybean fields in Indiana and their
pollination services may lead to additional guidance for modification of current farming practices
to conserve these species. Whether it is fine tuning insecticide use, altering tillage practices,
providing undisturbed habitat or providing neighboring flowering plants, all may lead to increased
longevity for native pollinators as well as improved soybean yields by creating more favorable
habitat. The main objective of my research is to determine if native, solitary bees and syrphid flies
have the potential to increase soybean yields in a field setting. Prior data indicates that soybeans
do benefit from native pollinators, but the extent is unclear, and relatively little work has been
done in the key soybean-producing areas of the US, including Indiana. If these pollinators are
providing pollination services in Indiana soybean fields, then I would expect a decrease in soybean
yields when they are prevented from visiting soybean flowers. A secondary, related, objective is
to survey Indiana soybean fields to determine pollinator species presence and density. Identifying
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the pollinator species present in flowering Indiana soybean fields will allow further research to be
done to understand their role in these fields.

1.6 Objectives of Study

The primary objectives of my research are: 1) to determine the guild of soybean flower-visiting
species of bees and syrphid flies found in Indiana soybean fields and 2) determine whether they
have potential to increase soybean yields via pollination. I conducted a survey in order to determine
which bee species (Hymenoptera: Apoidea) and syrphid flies (Diptera: Syrphidae) are foraging
within Indiana soybean fields. In addition, I conducted manipulative experiments to determine
what mechanism helps facilitate fertilization of soybean flowers to increase yield and seed weight
in a field and greenhouse atmosphere. Soybeans are self-pollinating, but it is clear that insect
pollinators are visiting these flowers. I compared caged and uncaged soybeans to determine
whether pollinators increase soybean yields in a field setting. In addition, using a greenhouse
experiment, I compared four different pollination mechanisms in order to provide insight on what
mechanism is most effective at producing higher yields by seed number and weight. This
experiment will provide new information on the relative benefit of pollinators visiting soybean
flowers. I hypothesized that, while visiting soybean flowers, pollinators may stimulate the flower
and may transfer pollen from flower to flower which should benefit soybean yield more compared
to the control, self-pollinating soybeans.
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CHAPTER 2. SURVEYING NATIVE POLLINATORS IN INDIANA
SOYBEAN FIELDS

2.1 Introduction
Of Indiana’s 9.3 million hectares, almost two-thirds (roughly 64%) is cropland (USDA,
2017). Indiana’s major crops include corn, soybeans, hay and wheat. Soybeans comprise roughly
2.2 million hectares annually in Indiana (USDA, 2016a). Soybeans do not require external factors
such as wind or animal pollinators for pollination. Soybeans are autogamous and can produce up
to 800 flowers in a single plant’s lifespan, however, only 13-57% of these flowers are fertilized to
form pods (Milfont et al., 2013). Low pod set or flower fertilization are thought to be caused by
poor pollination or a lack of available resources (Woodcock, 2012).
The monoculture habitat of soybeans produces a surplus of flowers and there are a few
hypotheses that may explain the low fruit:flower ratio. These include: (1) the plant can selectively
abort flowers in order to choose the offspring that will have the highest vigor, (2) a surplus of
flowers may attract a higher degree of pollinators for fertilization optimization, (3) a continuous
production of flowers allows plants to utilize favorable conditions such as weather, resources, and
pollinator availability to produce offspring, or (4) the surplus of flowers may serve as an ovary
sink in case of accidental flower mortality due to limited resources available, adverse weather
conditions or natural flower abortion (Ehrlen, 1991). Many plants over-produce flowers in order
to buffer against unexpected mortality or to increase pollinator attraction to their flowers. The
surplus of flower production by soybeans may be attracting pollinators to exploit these resources.
Further evidence of this is the fact that soybeans produce floral nectaries that serve as a source of
potential reward for insect pollinators. It is unclear, however, what role pollinators serve in Indiana
soybean fields.
The intensification of agriculture increases the risks posed to unmanaged pollinators. The
landscape is largely homogeneous in Indiana, which is limiting nesting sites and floral resources
available to bees and other pollinators through increased intensification of agriculture (Nicholls &
Altieri, 2012). As resources become less diverse, pollinators are looking for alternatives to meet
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their nutritional requirements. Monoculture habitats in Indiana can result in periods where floral
resources are extremely abundant (usually a few weeks, in the case of soybeans) which may attract
pollinators to these flower-rich areas. However, understanding what pollinator species are foraging
in these environments and the distances they are willing to travel is unexplored territory.
With honey bee numbers declining annually (8% decline in honey bee colonies from 2015
to 2016), native pollinators are explored in order to fill potential pollination gaps (USDA, 2016b).
Roughly, 430 species of bee pollinators inhabit Indiana (Jacquart et al., 2017). A study that used
bee bowl pan traps placed above the soybean canopy in order to evaluate what pollinator species
dwell in soybeans determined that 24 native bee and syrphid fly species were found at two
locations in Indiana in 2015 (Krupke et al., 2015). Most of the bees found in the previous study
were solitary, ground-nesting bees. My work replicated and augmented this study in the 2016 and
2017 field seasons in order to determine what native bee and syrphid fly pollinator species are
found within Indiana soybean fields and to discover how far native pollinators forage within the
field.

2.2 Materials and Methods
2.2.1 Field and Trap Design
My work was conducted on soybean farms throughout Indiana, USA for 2 years. In the first field
season (2016), I conducted our experiment on farms in Tippecanoe (Nagel farm) (40.520460°, 87.079918°) and Porter (Pinney Purdue Agriculture Center) (41.446933°, -86.934073°) counties.
During the second field season (2017), I increased our fields to six in Pulaski (41.073913°, 86.755651°), Montgomery (40.021292°, -87.017571°), Newton (40.968205°, -87.432242°),
Newton (40.976372°, -87.321686°), Benton (40.485926°, -87.418417°) and Porter (41.490369°, 86.969398°) counties. The seed planted in these fields were free from neonicotinoid seed
treatments. One transect per field was implemented with “bee bowl” pan traps placed at 0 m, 5 m,
10 m, 25 m, 50 m, 100 m and 250 m starting at the middle of the field width and projecting into
the field in a straight line. The stands for the traps were constructed using Gill and O’Neal’s
protocol (2015). The stands consisted of 25 cm sections made from polyvinyl chloride (PVC) pipe
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(Silver-Line® Plastics, Sch. 40 PVC, Ashville, NC, USA) and painted red (Heirloom Red 10103, Valspar®, Chicago, IL, USA). To secure the bee bowl, a white 5 cm PVC coupling (Charlotte
Pipe® PVC DWV coupling, Monroe, NC, USA) was attached to the red PVC section (Fig. 1). The
red and white PVC sections were fastened to stakes using releasable and reusable zip ties. The
bowls were constructed of 96 ml cups (92 g SOLO® brand white plastic soufflé cups, Food Service
Direct, Hampton, VA, USA), painted fluorescent yellow (East Coast Guerra Paint and Pigment,
New York, NY, USA) and placed into the white end of the PVC section. The bee bowl
configuration is as follows starting from the top to the bottom: yellow soufflé cup, white PVC
coupling then red PVC pipe. The bee bowls were placed just above canopy height and adjusted as
needed throughout the growing season each visit to maintain their position just above canopy
height. Each bowl contained 50 ml water and 2 ml Dawn® blue dish soap which was dumped and
replaced after each sample is taken (Fig. 2).
2.2.2 Sample Collection
The bee bowls were sampled during the reproductive stages of soybeans (R1-R4) in the 2016 and
2017 growing seasons. The soybean reproductive stages are characterized by: R1-having any
flower on any node on the main stem, R2: an open flower on one of the top two nodes on the main
stem, R3: a 5 mm pod on one of the four uppermost nodes on the main stem along with a fully
developed leaf and R4: a pod is 2 cm long on one of the four uppermost nodes on the main stem
with a fully developed leaf (Casteel, 2011) (Figs 3-6). The bowls were sampled biweekly and
contents of the bowls were stored in labeled vials (4 dram wide-mouth with polyseal caps, Cat.
No. 811P, BioQuip®, Rancho Dominguez, CA, USA) filled with 80% ethanol. Each label had the
following information: county and geographic location, field identifier, latitude and longitude
coordinates, date, growth stage, bowl position and collectors name. Water and alcohol proof pens
(Pigma Micron™, black, size 01, BioQuip®, Rancho Dominguez, CA, USA) were used in writing
labels. Samples were initially sorted at Purdue University and pollinators belonging to the orders
Hymenoptera or Syrphidae were returned to the labeled vial and all other insects were discarded.
Once sorted, samples were shipped to and identified by Patrick Beauzay at North Dakota State
University.
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2.2.3 Statistical Analysis
Microsoft® Excel® 2016 was used to organize data, calculate the Shannon Index (H), Evenness
(E = H/Hmax) and Simpson’s likelihood (1-D2) and to create graphs. Shannon Index was calculated
using the following formula: H = -Ʃ pi ln pi where pi is the proportional abundance of species i in
the sample and it measures species diversity in a community by taking into account both species
abundance and evenness (Heip et al., 1998). Evenness was calculated by taking Shannon’s index
(H) and dividing that by the natural log of species richness which is a measure of how similar the
abundance of different species are (Sea Grant, 2018). Simpson’s likelihood was calculated by:
1 −  =




where S is the number of species and pi is the proportion of species i and is a

measure of diversity that takes into account both species richness and evenness of abundance (Hill,
1973). The graphs were comprised of species richness or abundance by bee bowl position with
standard error bars for both Pinney and Nagel fields, separately. Statistica 13 software (Tibco®
Software Inc., Palo Alto, CA) was used to run one-way ANOVA and linear regressions for Pinney
and Nagel fields. The independent variables were soybean growth stage (4 levels: R1, R2, R3 and
R4) and bee bowl distance (0, 5, 10, 25, 50, 100, and 250m) and the dependent variables were
either species richness or abundance.

2.3 Results
2.3.1 Field Season 2016
Native bee and syrphid fly richness defined by the total number of individual species was 28 and
17 species for Pinney and Nagel fields, respectively. Abundance, defined by the total number of
pollinator individuals, was 1,013 and 167 for Pinney and Nagel fields, respectively. The total
species richness and abundance when the two fields were combined and compared was 33 and
1,180 which was calculated by adding the different species together between the two fields for
richness and adding together all individuals collected between the two sites for abundance (Table
2). Five different families of interest were collected, including: Andrenidae (0.08%), Collectidae

25
(0.08%), Syrphidae (0.25%), Apidae (2.80%), and Halictidae (96.78%). Pollinator richness and
abundance at Pinney and Nagel locations was not correlated by bee bowl position (figs 7-10).
The time period for each growth stage sampled is as follows for Pinney and Nagel fields,
respectively: R1: June 30-July 5, 2016 and June 30-July 5, 2016, R2: July 7-11, 2016 and July 511, 2016, R3: July 14-August 1, 2016 and July 18-25, 2016, R4: August 4-8, 2016 and July 2528, 2016. Richness and abundance varied with soybean growth stage with soybean reproductive
growth stages R2 and R3 containing higher richness and abundance between both fields compared
to growth stages R1 and R4 (Table 3). Both Pinney and Nagel fields had higher species richness
and abundance for soybean growth stages R2 and R3 compared to R1 and R4 (Figs. 11-14).
In addition, combining both fields resulted in R1 and R4 being statistically the same (F1, 51 = 1.16,
P= 0.29), but statistically less than R2 (F1, 51 = 182.20, P < 0.001) which was statistically less that
R3 (F1, 51 = 4.63, P = 0.04) for number of species per growth stage, R1 = R4 < R2 < R3. Species
richness (F6, 48 = 0.68, P = 0.67) and abundance (F6, 48 = 0.52 P = 0.79) for Pinney and Nagel
combined was statistically the same across bee bowl positions.

2.3.2 Field Season 2017
Identification is currently being conducted by Patrick Beauzay at NDSU and should be completed
by mid-April. Analysis to follow.

2.4 Discussion
The objective of this study was to determine which native pollinators are foraging within Indiana
soybean fields and how far they are traveling to the interior of these fields. Of the five families
collected in 2016, Halictidae was the most prevalent at roughly 96% of the total individuals
collected. Halictids, commonly known as sweat bees, are common in flower patches feeding on
pollen and nectar. Sweat bees lay their eggs in the soil where eggs hatch and the larvae feed on
pollen and nectar provided by their mother and ultimately overwinter as pupae within soil tunnels
(Gibb & Carroll, 2008). This subterranean life cycle is important to note due to current farming
practices in Indiana soybean fields. Indiana has been progressively moving from conventional
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tilling practices to conservation tillage practices. In 2015, over half (59%) of Indiana soybean acres
were undisturbed and retained crop residues during the winter months (Fairhurst, 2016). By
utilizing conservation tillage practices, the majority of pollinator nest sites within soybean fields
may be preserved by limiting tillage. In addition to tillage practices, other integrated pest
management practices such as the utilization of chemical sprays are potential key factors. Species
richness and abundance for both locations were highest during growth stages R2 and R3. Soybean
growth stages R2 and R3 contributed to the most species richness and abundance potentially due
to soybeans producing the most flowers at these stages, attracting more pollinators. If possible,
applying insecticides for pest management should be minimized at this time to protect pollinator
fauna in soybean fields. The soybean aphid is a major pest to soybeans, but was not observed
during the flowering growth stages in my study. In addition, the two species of syrphid flies
collected were non-aphidophagous and were likely utilizing soybean pollen and nectar as food.
The pollinators collected and identified in 2016 demonstrated that the number of species collected
and the number of individual pollinators collected were not correlated by bee bowl position. You
are as likely to collect bees along the field edge as you would in the field interior which may
indicate native bees are nesting within soybean fields. A study in Iowa consisting of bee bowl traps
in an “X” formation from the field edge to 50 m into the field spaced 3.3 m apart, also did not have
significant results with varying bee bowl distance on pollinator capture (Gill and O’Neal, 2015).
With this said, there was no major edge effect (i.e. higher pollinator volume) due to higher species
diversity along the field edge margins in my study. There was a large difference in the numbers of
species and individuals collected between the two fields in 2016. Pinney had 1,013 individuals
collected from 28 different species, while Nagel had 167 individuals from 17 different species.
These differences in numbers could be attributed to a wide range of factors, including management
practices (tillage or chemical usage), landscape diversity, soil type, soybean variety and habitat
suitability. I did not quantify these factors as part of my study. However, bee bowls are designed
to attract native pollinators which may have increased the likelihood of catching these pollinators
in the bee bowl traps rather than the soybean flower itself. One method to determine whether
soybeans are attractive to these pollinators is to analyze the pollen that they are carrying. A study
in Iowa collected individual pollinators from soybean fields and inspected them for pollen; if
pollen was present then the pollen was removed from female bees and the pollen was examined to
determine if they were carrying soybean pollen (Gill & O’Neal, 2015). In consecutive field seasons
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of the bees captured containing pollen on their bodies, 29% and 38% of the bees captured that
were carrying soybean pollen in Iowa (Gill & O’Neal, 2015). All of the species carrying soybean
pollen, with one exception, were halictids, which were the most abundant pollinators in my study.
A study similar to mine was conducted in Iowa with bee bowl traps laid out in an “X”
formation consisting of a total of 30 bee bowl traps of blue, white and yellow colored bowls at
each trap (Wheelock, 2014). This study trapped 3,087 pollinators (all dipteran and hymenopteran
pollinators) consisting of 43 different species in two consecutive growing seasons in a total of 6
Iowa soybean fields. These results are consistent with the results I obtained. Both studies captured
more ground nesting and solitary bees compared with social or stem boring bees. In addition, the
Iowa fields captured similar pollinators dominating their bee bowl captures as I captured in Indiana
fields which included Lasioglossum (Dialictus) species, Agapostemon virescens, and Melissodes
bimaculata species of pollinators. A key finding of my work and that conducted in Iowa is that
many native pollinators are foraging in soybean fields in the Midwestern United States and
utilizing pollen and possibly nectar as a food source. However their potential role in soybean
pollination is unclear, and this question is a starting point for my next objective.
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CHAPTER 3. POLLINATOR CONTRIBUTION TO SOYBEAN YIELD

3.1 Introduction
Pollinators are responsible for one of every three bites of food that we consume (USDA, 2015),
and most pollinators are insects. Insect pollinators come in a range of shapes and sizes, including
but not limited to: honey bees, butterflies, flies, beetles, bumble bees and native bees (Jacquart et
al., 2017). As honey bee colonies and numbers decline, native pollinators are sought to replenish
their pollination services to a wide array of plant species (USDA, 2016). In 2015, a study surveyed
native bee and syrphid fly species in Indiana soybean fields documented 24 native species within
this habitat (Krupke et al., 2015). Although pollinators are crucial for reproduction in many
flowering plants, others, including some of our major grain and oilseed crops, do not require insect
pollination but still benefit from pollinator visitation.
Pollination of a flower occurs when pollen is transferred to the same, or different, flowers from
the anthers to the stigma which allows fertilization to occur (Lerner & Hirst, 2002). Pollinators
may pollinate flowers differently as a function of their size and capacity. For example, some bee
species help facilitate pollen movement by landing and taking off on the flower and also by
vibrating their wings, this is known as buzz pollination (Corbet & Huang, 2014). Pollen adheres
to the bee body which is then carried from flower to flower. Many plants depend upon pollinators
or external forces to pollinate, however soybeans do not. Soybeans are self-pollinating, but provide
pollen and nectar that may be attractive to some species of pollinators.
The majority of Indiana soybean seeds are treated with neonicotinoids and fungicides prior to
planting. Neonicotinoids are used in a variety of ways including plant protection, veterinary
products and invertebrate pest control in fish farming. These chemicals are used as seed treatments
in soybean agro-systems to protect ungerminated seeds and seedlings from aphids, wireworms,
whiteflies, mites and other pests (Simon-Delso et al., 2015). Neonicotinoids excite the nervous
system of insects by binding with the postsynaptic nicotinic acetylcholine receptor which leads to
paralysis and death (Fishel, 2016). As a result of their widespread use as seed treatments,
neonicotinoids are the second-highest selling pesticide following the herbicide active ingredient
glyphosate (Pollak, 2011).
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There is mounting evidence that neonicotinoids may not be efficiently translocated into target
plants. Of the chemicals applied to maize seed, only 0.262% and 1.18% of clothianidin is
translocated in the root tissue zone and shoot zone, respectively (Alford & Krupke, 2017). In the
Midwestern United States treated soybean plants with neonicotinoids compared with untreated
plants had statistically higher concentrations of thiamethoxam in plant tissue until roughly the V2
growth stage, after this point the concentrations were statistically the same across both treatments
through the R1 growth stage (Krupke et al., 2017a). Also, neonicotinoids are water soluble with
water solubility’s of 340 mg/L (moderate), 610 mg/L (high) and 4,100 mg/L (high) for
clothianidin, imidacloprid and thiamethoxam respectively which allows the portion not taken up
by the plant to contaminate non-target areas such as water sources, wildflowers and soil (Bonmatin
et al., 2015). Neonicotinoids are highly persistent in the soil due to their half-life of up to 1,000
days which lasts for multiple growing seasons after one planting (Bonmatin et al., 2015).
Neonicotinoids are toxic to honey bees and native bees such as bumble bees and solitary bees
(Hopwood et al. 2016) and can contaminate soybean pollen and nectar as well as drift to off target
sites such as wildflowers and flowering weeds that grow near these agricultural sites by means of
planter dust or talc residues (Krupke et al., 2017). Soybeans have various seed treatments from
different companies that can be applied to the seed such as Bayer’s Gaucho® 480FS with active
ingredient imidacloprid applied at a rate of 62.5 g a.i./100 kg of seed and Syngenta’s Cruiser®
5FS with active ingredient thiamethoxam applied at a rate of 50 g a.i./100 kg of seed. The toxicity
to pollinators documented above may not be offset by consistent advantages in increased yield or
profits when compared to untreated seed (EPA, 2014; Krupke et al., 2017).
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3.2 Materials and Methods
3.2.1 Pollinator Exclusion

Field Design
Two fields were identified in 2016 and 5 fields in 2017 for the pollinator exclusion study. Twenty

plants were used per field; 10 control plants and 10 caged plants. The cages were made from
aluminum bright door screen (18X16 mesh) (Saint-Gobain, Grand Island, NY) stapled to two
wooden stakes. The top of the cage was folded down 5 cm and closed with staples. The target
diameter of the cages was roughly 45 cm with a height of 114 cm. The cages were placed
symmetrically in a rough ‘M’ shape in the soybean field approximately 90 m away from bee bowl
traps, covering the majority of the field. Three cages were placed in a straight line on each of the
outside parts on the “M” and two cages in a diagonal on each inside part of the “M”. These ten
randomly chosen plants were caged to restrict pollinators from reaching the soybean plant. The
control soybean plants were offset 10 m to the left of each of the caged plants and marked with a
2 m tall flag, also in an “M” shape offset to the caged plants. All plants surrounding the caged and
control plants were removed within 1 m2 surrounding the focal plant. The cages were put around
the plants prior to flowering (approximately 1 week) for each field season. These cages remained
covering the plant until flowering ceased (R5) and then the cages were removed. Each plant was
marked either caged or uncaged and a number 1-10. The plants remained in the field until they
reached full maturity at R8.
Data Collection
Each plant was clipped at the soil surface at full maturity and placed in its own labeled plastic bag
to be taken back to the lab. First, the number of nodes on the main stem was recorded for each
plant by counting each node intersecting the main stem. After that, plants were hand harvested by
clipping off pods with scissors and placing pods in a labeled brown paper bag (Darice, Strongville,
OH) to wick any moisture to reduce the probability of mold development until data collection was
completed. After all pods were in the brown paper bag, seeds were threshed (removed from pods),
recorded as 1-, 2-, 3-, or 4-seeded pods, filled or empty pods, and mature or immature seeds and
then all seeds were placed in a labeled paper coin envelope (Uline, Kenosha, WI). Pods were
classified as follows: 1-seeded: a pod containing 1 mature seed, 2-seeded: a pod with 2 mature

33
seeds, 3-seeded: a pod with 3 mature seeds, 4-seeded: a pod with 4 mature seeds, filled: having at
least 1 mature seed, and empty: a pod without any mature seeds. A pod was classified as filled if
a minimum of one mature seed was present with no mature seeds being classified as unfilled. All
the seeds per plant were pooled together, weighed (initial seed weight) (Sartorius TE313S,
Göttingen, Germany) and placed in a laboratory oven (Grieve-Hendry Gravity Convection, Model
L0270, Chicago, IL, USA) at 75°C for 48 hours. The drying process removed any remaining
moisture in the seeds. The seeds were then reweighed (final seed weight).
Data Analysis
Statistica 13 software (Tibco® Software Inc., Palo Alto, CA) was used to run one-way ANOVAs
to determine pollinator effects (cage status, independent variable) on dependent variables such as
1 seeded pods, 2 seeded pods, 3 seeded pods, 4 seeded pods, empty pods, filled pods, mature seeds,
immature seeds, number of nodes, seed weight and weight per seed. The five different field sites
were pooled for analysis (i.e. fields are experimental units) and field was a random factor.
3.2.2 Artificial Bee Pollination
2016
Conducted in a greenhouse at Purdue University, three Roundup Ready 2 Mycogen soybean seeds
(5N286R2, Indianapolis, IN, maturity group 2.8 Clariva™ Complete Beans) were sown 2.5 cm
deep in 48 seven and a half liter pots and thoroughly watered on December 16, 2015. The seeds
were treated with CruiserMaxx advanced insecticide/fungicide (thiamethoxam at 37.8 g a.i./A),
Clariva pn nematicide (Pasteuria nishizawae – Pn1 at 1.0 X 1010 spores per mL), and Vibrance
fungicide (sedaxane at 515 g per liter). Potting mix (Pro-mix® All Purpose Growing Mix; Premirt
Tech Horticulture; Quakertown, PA, USA) was used. The most vigorous seedling at stage V2 was
selected in each pot and all other seedlings were removed. Plants were grown under natural light
supplemented with 400 W artificial lamps (Sun System; Sunlight Supply, Inc., Vancouver, WA)
and watered roughly every other day or when needed at a rate of roughly 10 ml of water each visit.
Plants were maintained at 25 ± 3° C, ≥ 20% relative humidity, 14h:10h light:dark photo period,
respectively. Plants were treated for thrips on January 15, 2016 with Kontos® (Bayer®, Mainland,
PA, USA) applied as a soil drench to the base of each plant at the rate of 50 ml per 500 plants with
active ingredient spirotetramat (22.4%). Plants were hand harvested on July 1, 2016.
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2017
The artificial bee pollination experiment was replicated in 2017 using potting soil mix (Schultz®
Flower and Vegetable Garden Soil, Menards, West Lafayette, IN) and Asgrow® soybean seed
(AG2933, Indianapolis, IN maturity group 2.9) treated with Acceleron® (active ingredients:
metalaxyl (16.2 gm ai/100 kg seed), fluxapyroxad (5 gm ai/100 kg seed), imidacloprid (78 gm
ai/100 kg seed) and pyraclostrobin (5 gm ai/100 kg seed). The seeds were planted on March 7,
2017, inoculated with Rhizobium japonicum (N-Dure Soybean Inoculate, Masterseedsmen®,
Ashland, WI) by scooping roughly 0.3 g of inoculum on top of each seed before covering with soil
and watered thoroughly until the water was running out the bottom. Each pot was watered when
needed or roughly every other day with 10-15 mm of water at each visit. The most vigorous
seedling at stage V2 was identified in each pot and all other seedlings were removed. Plants were
grown under natural light supplemented with 400 W artificial lamps (Sun System; Sunlight
Supply, Inc., Vancouver, WA). Plants were maintained at 25 ± 3° C, ≥ 20% relative humidity,
14h:10h light:dark photo period, respectively. All plants were supplemented with roughly 30 ml
of product containing predatory mites (Amblyseius System 20K, sp. cucumeris, Biobest, Westerlo,
BE) in order to control thrips that were on the plants on April 5 and 24 and May 2, 2017 by
sprinkling the product on top of the plant from above. In addition, each plant was soil drenched
with 250 mL solution of an insecticide (Kontos®, Bayer®, Mainland, PA, USA) on April 26,
2017. On May 9, 2017, 30 ml of product containing Hypoaspis miles (Biobest) was sprinkled on
top of each plant in order to control fungus gnats. Plants were hand harvested on August 11, 2017.

Treatments
The four treatments were evenly and randomly assigned to plants (n=12 per treatment) at the R1
growth stage. Each plant was labeled according to its treatment type and replication on each
individual plants’ pot (1-2 signifies replication number 1 with treatment 2). The treatments
included: 1) artificial cross-pollination and artificial buzz-pollination, 2) artificial crosspollination, 3) artificial buzz-pollination, and 4) self-pollination. Treatment 1 mimics a bee landing
on the flower and vibrating the flower, foraging on the flower and then taking off while vibrating
the flower. Treatment 2 mimics a bee foraging on the flower only. Treatment 3 mimics a bee
vibrating and landing and taking off of the flower only. Treatment 4 is the natural self-pollination
of the soybean plant which serves as the control for the experiment. Artificial pollination cross-
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pollination (treatment 2) was used to mimic bees foraging by using size 1 paintbrushes (Crayola®,
Easton, PA). The anthers and stigma of open flowers were gently brushed (four up and down
motions along the opening of the flower). Artificial buzz-pollination (treatment 3) which mimics
buzz pollination by bees was performed using a sonic handheld electric pollinator (VegiBee™,
Maryland Heights, MO). Open flowers were touched twice using the sonic handheld device for a
duration of 1 second each to mimic a bee landing and taking off. Both brushing and electric
pollination techniques were used on the flowers in the cross- and buzz-pollination treatment
(treatment 1) where a flower was buzzed for 1 second, paint brushed (artificial cross) with 4 up
and down brush strokes then finally buzzed for an additional 1 second. Flower petals were marked
with a single dot with a permanent marker after pollinating to ensure one visit per flower. Plants
in the self-pollination control (treatment 4) were undisturbed other than regular watering to allow
natural self-pollination to occur.

Greenhouse Cage Study
Using the same protocol as above, I used new soybean seed (Asgrow® AG30X6 Roundup Ready
2 Xtend® soybeans, Oxford, IN) which was treated with Acceleron® (active ingredients:
metalaxyl (16.2 gm ai/100 kg seed), fluxapyroxad (5 gm ai/100 kg seed), imidacloprid (78 gm
ai/100 kg seed) and pyraclostrobin (5 gm ai/100 kg seed). Three seeds were planted on August 30,
2017 in each of fourteen 7.5 liter pots inoculated with Rhizobium japonicum (N-Dure Soybean
Inoculate, Masterseedsmen®, Ashland, WI). Each pot was placed in a water collection tray to
retain water. The planting medium consisted of calcined, non-swelling illite and silica clay
(Turface Athletics™ MVP, Profile Products, Buffalo Grove, IL) and was watered when needed
roughly every other day at 10 mL of water each visit. The most vigorous seedling was selected at
the V2 growth stage. Weekly applications of 500 mL solution of Miracle-Gro® at half-rate was
applied per pot starting at the V2 growth stage. Prior to R1, cages were put on half of the plants.
In groups of two, a coin was flipped in order to determine what plant was caged. Sunlight
measurements were taken with a photometer (LX1010B Luxmeter Photometer, Sain Sonic)
multiple times throughout the day for a two week time span. Six days within this time span were
chosen based upon different weather events that day such as rainy/cloudiness or sunny. Three days
were cloudy/rainy and 3 days were sunny and measurements were taken roughly 3-5 times per day
spaced out during the 8 AM-5 PM time frame. Measurements were taken by placing the
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photometer under the cage and roughly half way up the plant. The photometer was placed
perpendicular with every plant and facing the same direction for all plants. Once this happened,
the reading of the photometer was recorded in units of lux (unit of illuminance) along with time of
day and weather conditions (rainy, cloudy, or sunny). Each pot was supplied with a 100 mL
solution of Steinernema feltiae to control fungus gnats and thrips. When the soybeans entered the
R5 growth stage on December 1, 2017 the cages were removed for the duration of the experiment
and sprayed with insecticide (Talstar®, FMC Corporation, Philadelphia, PA) with active
ingredient bifenthrin (7.9% by weight) to control thrips and two-spotted spider mites. The
soybeans were grown to maturity and were hand harvested on January 25, 2018.

Data Collection
Data collection was similar to the pollinator exclusion method for the artificial pollination
and cage effect studies. First, the number of nodes on the main stem was recorded for each plant.
After that, plants were hand harvested by clipping off pods with scissors and placing pods in a
labeled brown paper bag (Darice, Strongville, OH) in order to wick any moisture in order to reduce
the probability of mold development until data collection was completed. After all pods were in
the brown paper bag, seeds were threshed (removed from pods), recorded as 1-, 2-, 3-, or 4-seeded
pods, filled or empty pods, and mature or immature seeds and then all seeds were placed in a
labeled paper coin envelope (Uline, Kenosha, WI). Pod classification was the same as the
pollinator exclusion experiment. All the seeds per plant were pooled together, weighed (initial seed
weight) (Sartorius TE313S, Göttingen, Germany) and placed in a laboratory oven (Grieve-Hendry
Gravity Convection, Model L0270, Chicago, IL, USA) at 75°C for 48 hours. The drying process
removed any remaining moisture in the seeds. The seeds were then reweighed (final seed weight).

Data Analysis
Statistica 13 software (Tibco® Software Inc., Palo Alto, CA) was used to run one-way ANOVAs
to analyze whether bees foraging and pollinating flowers have any effect on yield when compared
to soybean self-pollination. The pollinator exclusion study and cage effect study consisted of an
independent variable of cage status (2 levels: caged and uncaged). Continuous dependent variables
consisted of the number of 1 seeded pods, 2 seeded pods, 3 seeded pods, 4 seeded pods, empty
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pods, filled pods, mature seeds, immature seeds, total number of seeds, number of nodes, seed
weight and weight per seed. In addition to the cage effect study, a repeated measures design was
used to analyze light intensity differences from photometer readings between the two treatments
(caged and uncaged plants). One-way ANOVA was also used for the artificial pollination study
with pollination treatment (4 levels: cross, buzz, cross + buzz and self) as the independent variable
and the dependent variables were the number of 1 seeded pods, 2 seeded pods, 3 seeded pods, 4
seeded pods, empty pods, filled pods, mature seeds, immature seeds, total number of seeds, number
of nodes, seed weight and weight per seed. The four treatments were compared against one another
regarding the dependent variables. The 2016 and 2017 experimental years were pooled together
for analysis and used as random factors to assess variability in treatment across growing seasons.
An ANOVA was used to determine whether there was a significant difference between means of
the dependent variable given the different levels of the independent variable. Finally, ANOVA
was used to test the hypothesis that soybeans will have an added yield benefit when they are
subjected to “insect” pollination and self-pollination compared to self-pollination alone.

3.3 Results
3.3.1 Pollinator Exclusion
In 2016, one field was commercially harvested before I had the opportunity to extract my plants
from that field. Table 4 shows harvest data averages for field Pinney in 2016 for caged and uncaged
plants.

In 2017, uncaged plants open to pollinators produced significantly more 1 seeded (F1, 96 = 26.68,
P < 0.001; Fig. 15) and 2 seeded (F1, 96 = 15.07, P < 0.001; Fig. 16) pods than caged plants, while
differences between 3 seeded (F1, 96 = 2.58, P = 0.112; Fig. 17) and 4 seeded pods (F1,96 = 0.079,
P = 0.780) were not significant between caged and uncaged plants. Caged plants averaged 8.76 ±
0.87, 32.61 ± 2.24, 58.84 ± 4.52 and 2.24 ± 0.45 pods for 1 seeded pods, 2 seeded pods, 3 seeded
pods and 4 seeded pods, respectively, compared to uncaged plants that produced 17.35 ± 1.40,
48.35 ± 3.33, 69.88 ± 5.08 and 2.43 ± 0.47 pods. Plants that were exposed produced significantly
more filled (F1, 96 = 9.22, P = 0.003; Fig. 18) and empty (F1, 96 = 6.09, P = 0.015; Fig. 19) pods
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than plants than self-pollinated plants that were not exposed to pollinators. Caged plants produced
an average of 102.41 ± 7.03 filled pods and 4.80 ± 1.12 empty pods, while uncaged plants produced
138 ± 9.23 filled and 10.27 ± 1.89 empty pods. Uncaged, open pollinated, plants significantly
produced more mature (F1, 96 = 6.26, P = 0.01), immature (F1, 96 = 14.70, P < 0.001) and total seeds
overall (F1, 96 = 9.39, P = 0.003; Fig. 20) when compared to uncaged plants. Caged plants produced
an average of 259.31 ±18.23 mature seeds, 32.41 ± 4.09 immature seeds and 291.71 ± 20.44 total
seeds, while uncaged plants produced 333.39 ± 25.39 mature seeds, 66.31 ± 7.73 immature seeds
and 399.69 ± 28.27 total seeds overall. The total weight of the seeds was not significantly different
between the two treatments (41.44g for caged plants and 49.52g for uncaged plants) (F1,96 = 2.82,
P = 0.10; Fig. 21), however, caged plants had significantly higher weight/seed then uncaged plants
(F1, 96 = 16.74, P < 0.001; Fig. 22) with 0.14g/seed ± 0.003 for caged plants and 0.12g/seed ± 0.003
for uncaged plants. Lastly, there was no difference in the number of nodes between caged and
uncaged plants (F1, 96 = 1.88, P = 0.17), caged plants had an average of 19.65 ± .044 nodes and
uncaged plants had 20.57 ± 0.50 nodes.

Cage Effect Study in Greenhouse
One plant was removed from the analysis because when the caged was removed the plant
continued to flowering, lengthening lateral shoots and growing vegetatively resulting in roughly
double the number of nodes on the main stem alone due to its indeterminate capabilities. Yield
parameters such as 1 seeded (F1, 11 = 0.40, P = 0.54), 2 seeded (F1, 11 = 1.71, P = 0.22), 4 seeded
(F1, 11 = 1.39, P = 0.26), number of filled pods (F1, 11 = 3.48, P = 0.09), number of empty pods
(F1,11 = 0.11, P = 0.74), number of immature seeds (F1, 11 = 0.08, P = 0.78), total number of seeds
(F1, 11 = 4.09, P = 0.07), number of nodes on the main stem (F1, 11 = 0.01, P = 0.92), total seed
weight (g) (F1, 11 = 3.61, P = 0.08) and weight per seed (g/seed) (F1, 11 = 0.06, P = 0.81) were all
non-significant with the exception of 3 seeded pods (F1, 11 = 9.88, P = 0.009; Fig. 23) and number
of mature seeds (F1, 11 = 11.54, P = 0.006; Fig. 24). The significant increase of 3 seeded pods may
have contributed to the increase in the total number of mature seeds between caged and uncaged
plants. Of the two statistically significant response variables, caged plants produced 47.83 ± 4.12
three seeded pods and 223.50 ± 11.24 mature seeds, while uncaged plants produced 69.57 ± 4.72
three seeded pods and 325.71 ± 23.74 mature seeds. These results indicate a 68.75% increase in
the number of 3 seeded pods in uncaged plants compared to caged plants and a 68.62% increase
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in the number of mature seeds in uncaged plants compared to caged plants. The cage effect (F1, 12
= 0.09, P = 0.76) and date effect (F5, 8 = 1.73, P = 0.23) were not statistically significant for
photometer readings taken for caged and uncaged plants grown in the greenhouse.

3.3.2 Artificial Bee Pollination
Forty-eight plants in 2016 and in 2017 were grown in a greenhouse to compare yield from four
treatments: treatment 1 was the combination of artificial buzz and artificial cross pollination,
treatment 2 was artificial cross pollination, treatment 3 was artificial buzz pollination and treatment
4 was soybean self-pollination (control). The yield parameters compared between treatments were:
1 seeded pods, 2 seeded pods, 3 seeded pods, 4 seeded pods, filled pods, empty pods, mature seeds,
immature seeds, total number of seeds, number of nodes on the main stem, total seed weight (g)
after drying and weight/seed (g/seed).

2016 Growing Season

The following yield parameters were not statistically significant across the 4 treatments: 1 seeded
pods (F3, 44 = 2.37, P = 0.08), 2 seeded pods (F3, 44 = 1.05, P = 0.38), 3 seeded pods (F3, 44 = 1.17,
P = 0.33), 4 seeded pods (F3, 44 = 0.44, P = 0.72), filled pods (F3, 44 = 1.82, P = 0.16), empty pods
(F3, 44 = 0.46, P = 0.72), mature seeds (F3, 44 = 1.21, P = 0.32), immature seeds (F3, 44 = 0.43, P =
0.73), total number of seeds (F3, 44 = 2.52, P = 0.07), number of nodes on the main stem (F3, 44 =
2.06, P = 0.12), total seed weight (g) after drying (F3, 44 = 2.67, P = 0.06) and weight/seed (g/seed)
(F3, 44 = 0.95, P = 0.43). All 4 treatments produced more 3 seeded pods than 1, 2 and 4 seeded
pods. Treatment 1 produced roughly 22 three seeded pods, while treatments 2, 3 and 4 produced
26, 31 and 27 three seeded pods. In addition, treatments 3 and 4 produced roughly 25 more seeds
than treatments 1 and 2.

2017 Growing Season
The following yield parameters were not statistically significant across the 4 treatments: 1 seeded
pods (F3, 44 = 0.76, P = 0.52), 2 seeded pods (F3, 44 = 1.70, P = 0.18), 3 seeded pods (F3, 44 = 0.67,
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P = 0.57), 4 seeded pods (F3, 44 = 0.79, P = 0.51), filled pods (F3, 44 = 0.54, P = 0.65), empty pods
(F3, 44 = 0.75, P = 0.53), mature seeds (F3,44 = 0.14, P = 0.93), immature seeds (F3, 44 = 0.21, P =
0.89), total number of seeds (F3, 44 = 0.06, P = 0.98), number of nodes on the main stem (F3, 44 =
2.76, P = 0.053), total seed weight (g) after drying (F3, 44 = 0.15, P = 0.93) and weight/seed (g/seed)
(F3, 44 = 0.48, P = 0.70). Similar to 2016 data, all four treatments produced more 3 seeded pods
than 1, 2 and 4 seeded pods. Treatment 1 had the lowest percentage of empty pods produced
(6.64%), while treatment 4 produced slightly more filled pods (69.08 filled pods).

3.4 Discussion
The objective of the artificial pollination and pollinator exclusion studies was to determine if native
pollinators impacted soybean yield. My results demonstrated that exposure to native pollinator
species foraging in soybean fields and artificial pollination techniques resembling foraging bees
did not impact soybean yields. Soybeans are as productive when they self-pollinate as they are
with the addition of native pollinators foraging in their flowers. Soybeans may not have the added
benefit from native pollinators due to being cleistogamous with nearly all flowers self-pollinating
before or at flower opening (Ritchie et al. 1985). Also, soybeans have a low cross-pollination rate
of 0.5% in adjacent rows and 1.0% in neighboring plants resulting in a lower necessity for
pollinators or other external sources to visit soybean flowers (Weber & Hanson, 1961). Another
source states soybeans are self-pollinated once the flower opens and they have a low cross
pollination rate of around 2% with wind contributing negligibly (Gazzoni, 2016). Results of my
artificial pollination study in the greenhouse agree with this work, because buzz-pollination,
artificial cross, artificial cross and buzz and self-pollination treatments produced the same results
across all yield parameters recorded. However, there is a limitation in interpreting this work
because artificial pollination techniques may not have been accurately portraying real bee
pollination that may occur in the field setting. In addition, “insect” pollination treatments may not
have impacted yield due to the flowers being fertilized prior to opening and receiving the
pollination techniques.
Within the published literature, there are instances where pollinators increased soybean yields. A
study conducted in Brazil indicated that soybeans open to wild pollinators had a yield increase of
6.34%, while soybeans caged with honey bees increased yield by 18.09% when compared to caged
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soybeans without access to any pollinators (Milfont et al., 2013). This Brazil study contained 5
plots (3.0 x 6.0 x 1.5m, 18m2) of each treatment with the honey bee treatment containing 8 honey
bee colonies 40-60 m away from the designated plots which was 700 m away from non-honey bee
treatments. The Brazil study also used sweep nets to sample their treatment locations which
determined that 90% of flower-visitors were honey bees and 10% were wild pollinators (Milfont
et al., 2013). The majority of wild pollinators collected were solitary bees in the following families:
Andrenidae, Apidae, Halictidae and Megachilidae (Milfont et al., 2013). In Arkansas and
Missouri, honey bees and wild pollinators increased soybean yields compared to soybeans that
excluded pollinators or were caged with honey bees contributing to a 21.6% increase in seeds and
a 20.4% increase in pods (Erickson et al., 1978). However, this study also resulted in higher yields
when soybeans were caged with honey bees compared to caged soybeans without any pollinators
(Erickson et al., 1978). This study in Arkansas and Missouri consisted of caged and uncaged areas
of 3.1 x 3.1 x 2.1 m where cages with honey bees consisted of a single-story 10 frame honey bee
colony within the cage (Erickson et al., 1978). However, the honey bees used in these studies
could only forage upon soybean flowers and may have visited each flower at a higher rate than
one would observe naturally in a field setting with a diverse array of flower species and flower
numbers. A single honey bee colony, however, can consist of roughly 40,000 foraging bees which
can forage and fly up to 3.2-4.8 km away from the hive, covering a much broader area than the
soybean caged area which may have resulted in multiple soybean flower visits (Krupke et al.,
2016). Native bee species of Halictus confusus and Lasioglossum (Dialictus) species have flight
distances of roughly 70-130m and 10-410m, respectively (Williams & Winfree, 2009). Native bee
flight capacities are substantially smaller in range and solitary bees contribute to fewer flower
visits than a large honey bee colony of 40,000 individuals. This large increase in pollinator density
vastly outnumbers the native pollinator fauna that occurs naturally. Honey bees and native, wild
bees are not comparable when testing for soybean yield benefits due to number volume and flight
distances. Soybean farmers do not have to alter their farming practices in order to conserve native
pollinators or deploy honey bee hives for an increase in soybean yield. Soybeans are as productive
without pollinators, however, pollinators are needed in other cropping systems that rely on insect
pollination and conserving native pollinators in soybeans will likely aid growers that rely on insect
pollination.
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Results of my experiments differ from those of the previous pollinator yield experiments and
suggest that soybean self- pollination is as efficient for soybeans as an assemblage native insect
pollinators foraging on their flowers. A study conducted in Argentina for two consecutive field
seasons indicated conflicting results as well. This experiment showed a yield increase when
soybeans had access to honey bees compared to when they were excluded from honey bees,
however the following year showed the opposite result (Blettler, et al., 2017). This study also
demonstrated that caged soybeans produced heavier seed weights. Conflicting results of my study
with prior studies may be due to the honey bees only having soybeans as a source to gather pollen
and nectar or the low frequency of native pollinators found within the soybean fields. My artificial
pollination study conducted in the greenhouse only allowed one visitation per flower where as
these honey bees in the previous studies are potentially visiting a single flower multiple times. In
addition, my pollinator exclusion study allowed pollinators to freely visit my soybean plants, but
visitation was not guaranteed. The previous experiments allowed honey bees to only have soybean
as a source of nutrition, however, my experiments allow native pollinators to forage independently
on any potential flower within their flight range which includes non-soybean flowers such as
neighboring weeds. Differences may also be due to different soybean cultivars used per
experiment. For example, a study conducted with five different, self-pollinating strawberry
genotypes had conflicting results with self-, wind- and open-pollination techniques. The study
revealed that certain genotypes of strawberries were more equipped for certain pollination methods
(genotype A had higher yields with self-pollination, while genotype B produced higher yields with
pollinator visitation) than other pollination methods when comparing yield and fruit shape
(Żebrowska, 1997).
In addition, soybeans produce nectaries that attract pollinators to their flowers, but the role of these
nectaries, if any, in soybean growth and development is not understood. A study conducted within
the same family of soybeans (Fabaceae) revealed that lima bean plants (Phaseolus lunatus), which
self-pollinate, produce extra-floral nectaries in order to attract insectivorous predators to their
damaged tissue induced from herbivores (Kost & Heil, 2005). Soybeans may be using floral
nectaries in a similar manner to attract predators of soybean insect pests rather than pollinators to
their flowers. By continually producing flowers, there would be a constant output of nectar to
attract potential pest predators. Phytophagous stinkbugs are sometimes pests of soybeans and with
the nectar provisioning aspects of soybeans, stinkbug parasitoids can use nectar for survival and
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reproduction as well as serve as potential biocontrol agents of these pests (Tillman, 2017). Another
scenario may involve the attraction of nectar-loving adults such as syrphid flies to these floral
nectaries in soybeans to reveal an oviposition site for these insects because their larvae are
insectivorous and feed on the soybean aphid (Aphis glycines), a major soybean pest in the region.
In 2016, two syrphid fly species were captured in my bee bowls (Eristalis arbustorum and Eristalis
tenax). A study concluded that these two species have a diet consisting of 62% and 80% nectar,
respectively, as opposed to pollen (Gilbert, 1981). These two syrphid fly species may be foraging
within my soybean fields in order to gather nectar for their diets rather than the attraction to
oviposition sites as a potential food source for their larvae. The soybean aphid (A. glycines) is
preyed upon by a number of insects (Hesler, 2014). One major predator to soybean aphids are
ladybird beetles (Coleoptera: Coccinellidae) where they prey upon aphids, but will also consumer
nectar and honeydew which the soybean flower and aphids provide, respectively (Frank & Mizell,
2000). Another predator of soybean aphids and a consumer of nectar, pollen and honeydew is the
green lacewing (Chrysopa carnea) (Stafne, 2015). In addition, minute pirate bugs (Orius
insidiosus), a major predator of soybean aphids, feed on aphids, but also feed upon plant pollen
(Andrews & Kuhar, 2010).
It is important to note that the cage did not impact yield as tested in greenhouse conditions. The
cage may provide a microhabitat for the soybean plant which may alter environmental conditions
in the field. However, light underneath the cage was similar to that of uncaged plants which
suggests that light was reaching the plant through the cage at the same light intensity as uncaged
plants. Light intensity was not analyzed in the field setting, however. In addition, there are other
reasons that growth could be altered or suppressed if the soybean plant is caged. However, my
results revealed that there were no differences in the number of nodes on the main stem of caged
or uncaged plants in any of my experiments. The cage, however, may have impacted seed
production and growth within soybeans. In 2017 field season, caged and uncaged plants had the
same average seed weight, but caged plants had a higher weight per seed average than uncaged
plants. Soybeans allocated resources in order to provide fewer but larger seeds when caged
compared to uncaged plants that produced more, smaller seeds. However, this result was not
observed in the greenhouse. The differences in seed production in field caged plants may have
been due to potential stress or water availability to these plants, whereas greenhouse plants were
watered regularly. Seeds of the same variety have the same yield potential, however stress and
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water availability can impact seed size variability within the same soybean cultivar (Pederson,
2006; Westgate et al., 1989). Caged plants in the field may have resulted in fewer larger seeds due
to the fact they were not receiving as much rainfall due to the cage hindering rainfall from directly
reaching the plant. This mechanism may explain why the caged soybeans in the field demonstrated
differences in weight per seed due to potential rainfall differences, while caged greenhouse
soybeans did not because they obtained roughly the same amount of water as their uncaged
counterparts. In addition, weight per seed differences in caged and uncaged plants in the field
setting could have occurred due to differences in photosynthate production and transportation in
caged and uncaged plants. Photosynthate includes the various products of photosynthesis which
are translocated through the plant for seed production and soybean yield is limited/determined by
the production of photosynthate during R1 through R5, which is then distributed to its seeds
(Roekel & Purcell, 2016). Photosynthate is closely correlated with number of seeds produced and
enough photosynthate must be produced and transported to prevent seed abortion (Roekel et al.
2015). Light intensity was not measured in the field, but if light was reduced then photosynthetic
activity would have been reduced as well, resulting in less photosynthate distributed to seeds which
may have caused seeds to abort, resulting in fewer, but larger seeds.
Soybeans, overall, do not require native pollinators for yield benefits in Indiana. Although many
native pollinator species are flying through soybean fields, we cannot determine if pollinators
actually visited the soybean flowers in my experiment. Although it may be likely, to definitively
determine which pollinators visit soybeans, pollen from the pollinators must be analyzed within
the field to determine if soybeans are utilized as a pollen source. One future direction is to examine
the major native pollinators that are foraging in soybean fields and analyzing the pollen collected
to determine if soybeans are a pollen source or if they are foraging in soybeans seeking out other
pollen resources. However, flowering plants are unlikely within soybean fields due to the highly
adopted Roundup Ready® soybeans. If the pollen loads on the foraging bees test positive for
soybean pollen then a camera or human observers could be setup on a particular soybean plant to
determine if pollinators are visiting their flowers and if so, comparing pod and seed set to a similar
flower on the plant that had no pollinator visits. Another direction could be to determine what other
potential pollinators are foraging in Indiana soybeans such as coleopterans, lepidopterans, thrips
or other insect orders and examining their potential effects on soybean yield. Non-hymenopteran
orders may be more suitable to pollinate soybean flowers than native bees due to body size or
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pollination technique. In addition, future research could examine what energy costs to the soybean
plant go into producing floral nectaries and use this information to assess why soybeans produce
these and their role for the plants’ success. Energy in producing nectaries may be linked to the
high abortion rate of soybean flowers and without producing nectaries, soybeans may be able to
retain more flowers by not producing nectaries (energy costs) to increase soybean yield. One
question to address in the future is why soybeans produce floral nectaries if soybeans do not have
a need for pollinators for yield production. Determining the role of soybean nectaries may lead to
discoveries as to why soybeans abort a majority of the flowers produced or help us understand
their potential role of attracting insects to the plant.
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Figure 1. Bee bowl configuration placed just above soybean canopy height.
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Figure 2. Bee bowl filled with soapy water solution.
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Figure 3. Soybean reproductive growth stage R1 characterized by having a flower anywhere on
the main stem.
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Figure 4. Soybean reproductive growth stage R2 characterized by having an open flower on the
top two nodes of on the main stem.
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Figure 5. Soybean reproductive growth stage R3 characterized by having a 5 mm pod on one of
the top four nodes on the main stem of the soybean plant.
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Figure 6. Soybean reproductive growth stage R4 characterized by having a pod that is 2 cm long
on one of the top four nodes on the main stem with a fully developed leaf.
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Table 2. Species richness and abundance of pollinator species captured biweekly in bee bowls
during June 30-August 4, 2016 at Pinney (41.446933, -86.934076; Porter County, IN) and during
June 30-July 28, 2016 at Nagel (40.520460, -87.079913; Tippecanoe County, IN) soybean fields
in Indiana. Shannon index (H) measures the species diversity in a community by taking into
account both species abundance and evenness while evenness is a measure of how similar the
abundance of different species are.
Field
Identifier

No. of Species
(Richness)

No. of Individuals
(Abundance)

Shannon Index
(H)

Evenness
(E=H/Hmax)

Pinney

28

1,013

1.45

0.44

Nagel

17

167

1.94

0.69

Pinney + Nagel

33

1,180

1.65

0.47
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r = -0.0078, p = 0.9712; r2 = 0.0001
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Figure 7. Pinney field pollinator species richness (total number of species collected) by bee bowl
position (m) at varying distances into the field from the field edge sampled biweekly from June
30 – August 4, 2016 in soybeans. The total number of species collected per bee bowl distance at
any given sampling period from R1-R4 growth stage at the Pinney location (41.446933, 86.934076; Porter County, IN).
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r = -0.2773, p = 0.1896; r2 = 0.0769
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Figure 8. Pinney field pollinator abundance (total number of individual pollinators collected) by
bee bowl position at varying distances into the field from the field edge in soybeans. The total
number of individuals collected biweekly per bee bowl distance at any given sampling period
from R1-R4 growth stage (June 30 – August 4, 2016) at the Pinney location (41.446933, 86.934076; Porter County, IN).
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r = -0.3982, p = 0.0539; r2 = 0.1586
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Figure 9. Nagel field pollinator species richness (total number of pollinator species collected) by
bee bowl position at varying distances into the field from the field edge in soybeans. The total
number of species collected biweekly per bee bowl distance at any given sampling period from
R1-R4 (June 30 – July 28, 2016) at the Nagel location (40.520460, -87.079913; Tippecanoe
County, IN).
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r = -0.2408, p = 0.2570; r2 = 0.0580
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Figure 10. Nagel field pollinator abundance (total number of individuals collected) by bee bowl
position at varying distances into the field from the field edge in soybeans. The total number of
individuals collected biweekly per bee bowl distance at any given sampling period throughout
the R1-R4 growing season (June 30 – July 28, 2016) at the Nagel location (40.520460, 87.079913; Tippecanoe County, IN).
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Table 3. Species richness (number of species) and abundance (number of individual pollinators),
sub-divided by soybean reproductive growth stage (R1-R4) per Indiana field location: Pinney
(41.446933, -86.934076; Porter County, IN) and Nagel (40.520460, -87.079913; Tippecanoe
County, IN). Pinney and Nagel were sampled biweekly during June 30 – August 4, 2016 and
June 30 – July 28, 2016, respectively, of the soybean flowering season (R1-R4).
Pinney Field

Nagel Field

Soybean
Growth Stage

No. of Species
(Richness)

No. of Individuals
(Abundance)

No. of Species
(Richness)

No. of Individuals
(Abundance)

R1

8

187

7

29

R2

14

359

11

53

R3

23

420

10

69

R4

12

47

7

16
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F(3, 24)=16.649, p<.001
Vertical bars denote +/- standard errors
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Figure 11. Species richness (number of species) in soybeans per soybean growth stage in field
Pinney. Comparing soybean growth stages resulted in R1 = R4 < R2 < R3 (F3, 24 = 16.65, P <
0.001) for species richness in Pinney field in Indiana (41.446933, -86.934076; Porter County,
IN).
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F(3, 24)=18.867, p<.001
Vertical bars denote +/- standard errors
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Figure 12. Abundance of individual pollinators collected per soybean growth stage (R1-R4) for
Pinney field in 2016 (41.446933, -86.934076; Porter County, IN). Comparing soybean growth
stages resulted in R4 < R1 < R2 = R3 for pollinator abundance in soybeans at Pinney field.
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F(3, 24)=3.7876, p=.02347
Vertical bars denote +/- standard errors
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Figure 13. Nagel field (40.520460, -87.079913; Tippecanoe County, IN) soybean species
richness (number of species) per soybean growth stage (R1-R4) in 2016.
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F(3, 24)=8.9315, p<.001
Vertical bars denote +/- standard errors
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Figure 14. Field Nagel (40.520460, -87.079913; Tippecanoe County, IN) pollinator abundance
(number of individual pollinators) collected per soybean growth stage (R1-R4) in 2016. Soybean
pollinator abundance was highest in R2 and R3 compared to R1 and R4 growth stages, R1 = R4
< R2 = R3.
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Table 4. Soybean harvest data averages for Pinney field (41.446933, -86.934076; Porter County, IN) on caged vs. uncaged soybeans
(n=9 caged plants and n=10 uncaged plants) in 2016 for the pollinator exclusion study.
1
2
3
4
No.
No.
No.
No.
Seeded Seeded Seeded Seeded Filled Empty Mature Immature
Pods
Pods
Pods
Pods
Pods
Pods
Seeds
Seeds
Caged
Uncaged

9.22
15.50

35.67
50.10

33.78
64.00

0.67
2.50

79.44
132.10

2.89
3.20

184.78
317.70

33.22
43.90

Total
No.
Seeds

Final
No.
Weight/Seed
Weight
Nodes
(g/seed)
(g)

218.00
361.60

18.11
20.30

24.30
46.60

0.11
0.13
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Current effect: F(1, 96)=26.678, p<.001
Vertical bars denote +/- standard errors
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Figure 15. One seeded pods produced by caged vs. uncaged soybeans in the pollinator exclusion
study during the flowering period, R1-R4, (June 26 - August 7) of soybean growth in Indiana in
2017 (n=5 sites).
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Current effect: F(1, 96)=15.067, p<.001
Vertical bars denote +/- standard errors
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Figure 16. Two seeded pods produced by caged vs. uncaged soybeans in the pollinator exclusion
study during the flowering period, R1-R4, (June 26 - August 7) of soybean growth in Indiana in
2017 (n=5 sites).
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Current effect: F(1, 96)=2.5783, p=.112
Vertical bars denote +/- standard errors
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Figure 17. Three seeded pods produced by caged vs. uncaged soybeans in the pollinator
exclusion study during the flowering period, R1-R4, (June 26 - August 7) of soybean growth in
Indiana in 2017 (n=5 sites).
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Current effect: F(1, 96)=9.2160, p=.00309
Vertical bars denote +/- standard errors
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Figure 18. Number of filled pods produced by caged vs. uncaged soybeans in the pollinator
exclusion study during the flowering period, R1-R4, (June 26 - August 7) of soybean growth in
Indiana in 2017 (n=5 sites).
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Current effect: F(1, 96)=6.0908, p=.01536
Vertical bars denote +/- standard errors
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Figure 19. Number of empty pods produced by caged vs. uncaged soybeans in the pollinator
exclusion study during the flowering period, R1-R4, (June 26 - August 7) of soybean growth in
Indiana in 2017 (n=5 sites).
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Current effect: F(1, 96)=9.3856, p=.00284
Vertical bars denote +/- standard errors
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Figure 20. The number of seeds produced by caged vs. uncaged soybeans in the pollinator
exclusion study during the flowering period, R1-R4, (June 26 - August 7) of soybean growth in
Indiana in 2017 (n=5 sites).
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Current effect: F(1, 96)=2.8213, p=.09627
Vertical bars denote +/- standard errors
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Figure 21. The total seed weight produced by caged vs. uncaged soybeans in the pollinator
exclusion study during the flowering period (June 26 – August 7) of soybean growth in Indiana in
2017 (n=5 sites).
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Current effect: F(1, 96)=16.744, p=.00009
Vertical bars denote +/- standard errors
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Figure 22. The average weight/seed produced by caged vs. uncaged soybeans in the pollinator
exclusion study during the flowering period (June 26 - August 7) of soybean growth in Indiana in
2017 (n=5 sites).
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F(1, 11)=9.8754, p=.00937
Vertical bars denote +/- standard errors
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Figure 23. Cage effect study conducted at Purdue University greenhouses resulting in
significantly more 3 seeded pods in uncaged (n=7) soybeans compared to caged (n=6) soybeans
(F1, 11 = 9.88, P = 0.009).
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Figure 24. Cage effect study conducted at Purdue University greenhouses resulting in
significantly more mature seeds in uncaged (n=7) soybeans compared to caged (n=6) soybeans
(F1, 11 = 11.54, P = 0.006).

